We examined the effects of white wheat bread powder (BP) and white wheat bread powder containing sugar beet fiber (BBP) on serum cholesterol. The total cholesterol (À11%, À16%), HDL-cholesterol (À12%, À11%), non-HDL-cholesterol (À9%, À18%) and triacylglycerol (À44%, À58%) concentrations in the BP and BBP groups, respectively, were significantly different from those in the control group. The fecal excretion of neutral sterols in the BP and BBP groups and of acidic sterols in the BBP group was significantly higher than that in the control group. The hepatic cholesterol 7-hydroxylase (CYP7A1) mRNA level in the BP and BBP groups was significantly higher than that in the control group. The cecal total short-chain fatty acid concentrations in the BBP group were significantly higher than those in the control group. These results indicate that the observed changes in serum lipid levels in the BP and BBP groups were due to the increased fecal lipid and CYP7A1 mRNA levels.
The Serum cholesterol concentration has been reported to be lowered by the ingestion of such watersoluble fiber as psyllium-enriched cereals and oat bran. 1, 2) The hypocholesterolemic effect of plant fiber may be due to fiber-induced alteration of the intestinal absorption, intestinal or pancreatic hormone secretion, lipoprotein metabolism, bile acid metabolism, or fermentation by-products and their effects on hepatic cholesterol synthesis.
3) Sonoyama et al. have reported that the plasma cholesterol concentration was significantly lower in rats fed on sugar beet fiber than in those fed on a fiber-free or cholestyramine diet, and that this difference was mainly due to a lower HDL cholesterol concentration. 4) Fukushima et al. have also reported that sugar beet fiber lowered the serum total cholesterol level by enhancing hepatic LDL receptor mRNA. 5) Shortchain fatty acids (SCFAs), particularly propionate, a fermentable metabolite of soluble fiber, may be involved in lowering the serum cholesterol concentration. 6, 7) The effect of fiber on plasma triacylglycerol is mainly from such gel-forming fiber as pectin which influences the functional properties of the intestinal mucosa by slowing upper intestinal transit. Fiber can directly interfere with lipid absorption by altering the luminal solubility and digestive process. As a result, the intestinal absorption of dietary lipids may be impaired. However, inconsistent observations suggest that fiber was mainly effective by an indirect pathway. In fact, viscous fiber influences the hepatic lipid metabolism by delaying the rate of glucose absorption. Hence, the hepatic storage of glycogen is enhanced, thus depressing lipogenesis. This results in a reduction of very-lowdensity-lipoprotein (VLDL) synthesis. 8) In contrast, the effects of insoluble fiber are uncertain. Its capacity to reduce serum cholesterol might be related to its waterholding capacity and bulking characteristics. 9) It can also decrease the absorption of dietary fats. 10) The mechanism involved in the effects of fiber is complex. It is clear that the physicochemical properties of fiber play a major role in its physiological activities.
11)
Sugar beet fiber is an insoluble composite dietary fiber that has water-soluble and water-insoluble components (19% pectin, 36% hemicellulose, 23% cellulose, 3% lignin) and is highly fermentable. 5) Hara et al. have reported that the fermentation products of sugar beet fiber with cecal bacteria reduced the plasma cholesterol concentration and that a cholesterol-lowering effect was specific for acetic acid among the major SCFAs. 12) Sugar beet fiber is an interesting source of dietary fiber because it has high water-holding capacity. Due to its special properties and ease of processing, the use of sugar beet fiber is practical for addition to various foods (bread, sausage, etc.). Several studies have shown that y To whom correspondence should be addressed. Tel: +81-155-49-5557; Fax: +81-155-49-5577; E-mail: fukushim@obihiro.ac.jp Abbreviations: CN, control diet; BP, white wheat bread powder; BBP, white wheat bread powder containing 10% sugar beet fiber; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triacylglycerol; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-PCR, reverse transcriptase-polymerase chain reaction; SCFA, short-chain fatty acid; CYP7A1, cholesterol 7-hydroxylase; LDL-R, LDL receptor; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; SREBP, sterol regulatory elementary binding protein; FAS, fatty acid synthase; ANOVA, analysis of variance high-fiber bread containing brewer's spent grains or guar crispbread lowered serum lipids in rats and humans, whereas bread and cookies containing beta-glucan from oats did not decrease serum lipids in humans. [13] [14] [15] In addition, the effect of bread containing sugar beet fiber has not previously been reported.
We examined in this study the effects of white wheat bread containing 10% sugar beet fiber on serum lipids, liver lipids, cecal lipids, fecal lipids and hepatic mRNAs.
Materials and Methods
Animals and diets. Male Fischer 344 rats (7 weeks old) were purchased from Charles River Japan (Yokohama, Japan). The rats were housed individually in plastic cages. The animal facility was maintained on a 12-h light-dark cycle at a temperature of 23 AE 1 C and relative humidity of 60 AE 5%. They were randomly assigned to three groups (n ¼ 5). There was no difference in body weight among the groups at the beginning of the experiment. Sugar beet fiber was purchased from Nippon Sugar Beet Manufacturing (Obihiro, Japan) and the bread was baked in Masuya Bakery (Obihiro, Japan). The baking process for the bread was similar to that for commercial bread. After baking, the bread loaves were freeze-dried and powdered. The composition of each bread powders is shown in Table 1 . The control rats were fed on a control diet (CN) based on the AIN-93G semipurified rodent diet.
16) The experimental rats were fed on 30% white wheat bread powder without sugar beet fiber (BP) or with 10% sugar beet fiber (BBP) instead of 30% -cornstarch in the control diet for 4 weeks. The micronutrient contents in the white wheat bread powder and white wheat bread powder containing 10% sugar beet fiber are shown in Table 2 .
The rats were allowed free access to food and water for 4 weeks. The body weight and food consumption were respectively recorded weekly and daily. This experimental design was approved by the Animal Experiment Committee of Obihiro University of Agriculture and Veterinary Medicine. All animal procedures conformed to the standard principles described in Guide for the Care and Use of Laboratory Animals. 17) Analytical procedures. Blood samples (1 ml) were collected between 09:00 and 10:00 hours from the jugular vein of fasting rats anaesthetized by sodium pentobarbital. The samples were taken into tubes without any anticoagulant. After the samples had been allowed to stand at room temperature for 2 h, the sera were separated by centrifugation at 1;500 g for 20 min. At the end of the 4-week experimental period, all fecal excretion during previous 3 d was collected. At the end of the experiment, the rats were anaesthetized with sodium pentobarbital and killed. The livers were quickly removed, washed with cold saline (9 g of NaCl/l), blotted dry on filter paper and weighed before freezing for storage at À80 C.
Chemical analysis. The total cholesterol (TC) and HDL-cholesterol (HDL-C) concentrations in the serum were determined enzymically by using commercially available reagent kits (assay kits for the TDX system; Abbott Laboratory Co., Irving, TX, USA). The non-HDLcholesterol (non-HDL-C) concentration was calculated as follows:
Total lipids were extracted from the liver and feces by a mixture of chloroform-methanol (2:1,v/v).
18) The neutral steroids in each lipid sample obtained by saponification were acetylated and analyzed by GLC, using a 14A chromatograph (Shimadzu, Kyoto, Japan) with a DB17 capillary column (0:25 mm Â 30 m; J&W Scientific, Folsom, CA, USA) with N 2 as the carrier gas. 19) Acidic sterols in the feces were measured by GLC according to the method of Grundy et al. 20) Part of the cecal content was taken out into desalted water in a vial without exposure to air and suspended. The suspension of cecal content was deproteinised with perchloric acid to form Na salts of SCFAs. Individual SCFAs were measured by GLC in a glass column (2; 000 Â 3 mm) packed with 80-100 mesh chromosorb W-AW DMCS, with H 3 PO 4 (100 ml/l) used as the liquid phase after adding H 3 PO 4 according to the procedure of Hara et al.
21)
Ribonucleic acid (RNA) isolation, reverse transcription-polymerase chain reaction (RT-PCR), and southern blot analysis. Total RNA was isolated from the liver by the acid guanidinium-phenol-choloroform method by using Isogen (Nippon Gene, Tokyo, Japan). TTCTT-3 0 ). The reaction mixtures for PCR contained 25 pmol of each primer, 1.25 U of Ex-Taq polymerase, 1 Â PCR buffer (Takara), and 200 mM dNTP in a 50-ml reaction volume. Temperature cycling was as follows: first cycle, denaturation at 94 C for 3 min, annealing at 60 C for 1 min, and extension at 72 C for 2 min. Subsequent cycles were denaturation at 94 C for 1 min, annealing at 60 C for 1 min, and extension at 72 C for 2 min. The thermal cycle was completed by terminal extension at 72 C for 10 min. In total, 25 cycles were performed for HMG-CoA reductase, CYP7A1, FAS and GAPDH, and 30 cycles for LDL-R, SREBP-2, and SREBP-1c. The amplification products were electrophoresed on 2% agarose gel and transferred to a nylon membrane (Biodyne B; Pall Bio-Support, East Hills, NY, USA). 0 -tailed labeled with digoxigenin, using a DIG oligonucleotide tailing kit (Boehringer Mannheim, Mannheim, Germany). Prehybridization, hybridization, and detection were carried out with a DIG luminescent detection kit (Boehringer Mannheim) as recommended by the manufacturer. The relative quantity of mRNA was estimated by densitometric scanning with X-ray film.
Statistical analyses. Data are presented as the mean and standard deviation for serum TC, HDL-C, and non-HDL-C at the prescribed times. The significance of differences among treated groups was determined by ANOVA with Duncan's multiple-range test (SAS Institute, Cary, NC, USA). Differences are considered significant at P < 0:05.
Results
There were no significant differences in the initial body weight, body weight gain and liver weight among the groups (Table 3 ). The food intake by the BBP group was significantly (P < 0:05) lower than that by the CN group. The cecal content in the BP group was significantly (P < 0:05) lower than that in the CN and BBP groups and the cecal pH in the BBP group was significantly (P < 0:05) lower than that in the other two groups. Table 3 also shows the SCFA concentrations in the rat cecum. The cecal acetate and total SCFA concentrations in the BP and BBP groups were significantly (P < 0:05) higher than those in CN group, and those in the BBP group were higher than those in the BP group. There was no significant difference in the propionate concentration among the groups. The butyrate concentration in the BBP group was significantly (P < 0:05) higher than that in the other two groups. Table 4 shows the serum total cholesterol, HDLcholesterol, non-HDL-cholesterol and triacylglycerol concentrations in the rats of the BP and BBP groups. The total cholesterol, HDL-cholesterol, non-HDLcholesterol and triacylglycerol concentrations in the BP and BBP groups were significantly (P < 0:05) lower than those in the CN group after both 2 weeks and 4 weeks. Non-HDL-cholesterol in the BBP group after the 4 weeks was significantly (P < 0:05) lower than that in the BP group. Table 5 shows the liver cholesterol, and fecal neutral and acidic steroid concentrations. The liver cholesterol Mean value and standard deviation for five rats. CN, control diet; BP, white wheat bread powder; BBP, white wheat bread powder containing 10% sugar beet fiber a,b,c Mean values within a column with unlike superscript letters were significantly different (P < 0:05).
concentration in the BP group was significantly (P < 0:05) higher than that in the CN group. The fecal neutral sterol excretion level in the BP and BBP groups was significantly (P < 0:05) higher than that in the CN group. The cholic acid, deoxycholic acid, chenodeoxycholic acid and total bile acid concentrations in the BBP group were significantly (P < 0:05) higher than those in the CN group. There was no significant difference in lithocholic acid among the groups. The relative quantities of mRNA were determined by southern hybridization of PCR-amplified LDL-R, HMGCoA reductase, SREBP-2, CYP7A1, SREBP-1c and FAS cDNA in the rat liver. The values for LDL-R, HMG-CoA reductase, SREBP-2, CYP7A1, SREBP-1c and FAS mRNA were normalized to 1.00. Figure 1 shows the relative quantities of LDL-R, HMG-CoA reductase and SREBP-2 mRNA. There was no significant difference in the relative quantities of LDL-R and HMG-CoA reductase mRNA among the groups, but the relative quantity of SREBP-2 mRNA in the BP and BBP groups was significantly (P < 0:05) lower than that in the CN group. The hepatic SREBP-2 mRNA level was positively correlated with the LDL-R mRNA level (r ¼ 0:756; P < 0:01) and HMG-CoA reductase mRNA level (r ¼ 0:746; P < 0:01). Figure 2 shows the relative quantities of CYP7A1, SREBP-1c and FAS mRNA. The relative quantity of CYP7A1 mRNA in the BP and BBP groups was significantly (P < 0:05) higher than that in the CN group. The relative quantities of SREBP-1c and FAS mRNA in the BP and BBP groups were significantly (P < 0:05) lower than those in the CN group. The hepatic SREBP-1c mRNA level was positively correlated (r ¼ 0:856; P < 0:001) with the hepatic FAS mRNA level.
Discussion
We examined in the present study the effects of white wheat bread containing sugar beet fiber on serum lipids, cecal lipids, fecal lipids and hepatic mRNAs in rats fed on a cholesterol-free diet. Due to the expansion of sugar beet fiber, the food intake by the BBP group was significantly lower than that by the CN group. However, there was no difference in the body weight gain and no effect of sugar beet fiber on growth in the groups. According to the results for the serum lipid level, the total cholesterol concentration in both the BP and BBP groups was reduced (À11% and À16%, respectively) when compared with the CN group due to lowering of the HDL-cholesterol concentration (À12% and À11%, respectively) and non-HDL-cholesterol concentration (À9% and À18%, respectively). Sonoyama et al. have reported that the plasma cholesterol concentration was significantly lower in rats fed with sugar beet fiber than in those fed with a fiber-free or cholestyramine diet, this difference being due mainly to a lower HDL cholesterol concentration. 4) However, in this study, not only the HDL cholesterol, but also the non-HDL cholesterol concentration was reduced in the group fed with white wheat bread containing sugar beet fiber. The result for the serum non-HDL cholesterol concentration agreed with the report of Fukushima et al. 5) It may be possible that the reduced serum HDL and non-HDL cholesterol concentrations were due to the white wheat bread, because the serum HDL and non-HDL cholesterol concentrations in the white wheat bread group were also lower than those in the control group. There was 3.3% dietary fiber in the white wheat bread powder. Illman et al. have also reported that white wheat flour lowered the plasma cholesterol concentration in rats. 23) We found that the bile acid concentration in the fecal excretion and SCFA in the cecum of the BBP group were both higher than in the other two groups. These results show that the sugar beet fiber might have influenced the cholesterol metabolism in the large intestine. Goodlad et al. have suggested that fiber or its fermentation products stimulated the large intestine, and humoral factors secreted from the large intestine or enteral nervous system modified cholesterol metabolism. 24) Furthermore, Buhman et al. have reported that feeding psyllium to rats enhanced the fecal bile acid and total steroid excretion, as well as the CYP7A1 activity and CYP7A1 mRNA levels. 25) In this study, the hepatic CYP7A1 mRNA level in the BBP group was higher than that in the CN group, and this result was accompanied by higher fecal bile acid excretion. However, the reason for the higher hepatic CYP7A1 mRNA level in the BP group, although the fecal bile acid excretion remained unchanged, is unclear.
We also found that the neutral sterol level in the fecal excretion of both the BP and BBP groups was higher than that of the CN group. The correlation between the serum total cholesterol level and neutral sterols in the fecal excretion was r ¼ À0:628 (P < 0:05). This result may suggest that fecal excretion was caused by the ingredients of the white wheat bread. De Schrijver has reported that the plasma cholesterol concentration in rats fed with plant protein such as wheat gluten was significantly lower than that in those fed casein, and that this result was caused by the excretion of fecal neutral steroids and bile acid. 26) In this study, wheat gluten and dietary fiber in the bread might have been related to the lipid metabolism. 23, 26) The liver cholesterol concentration in the BP group was significantly (P < 0:05) higher than that in the CN group; although the reason for this remains unclear, it may be speculated that the increase in liver cholesterol concentration was due to the lower acidic sterol excretion by the BP group than by the BBP group.
The serum total cholesterol level was correlated with the cecal SCFA level (r ¼ À0:615, P < 0:05). However, there was no correlation between the serum total cholesterol level and the fecal bile acid excretion (r ¼ À0:302, P > 0:05). Nishimura et al. have also reported that the fecal bile acid excretion was higher from rats fed on a beet fiber diet than from those fed a fiber-free diet, but was not correlated with the plasma total cholesterol concentration.
27) The SREBP-2 mRNA level in the BP and BBP groups was significantly (P < 0:05) lower than that in the CN group, and there was a correlation between the serum total cholesterol and SREBP-2 mRNA level (r ¼ 0:560, P < 0:05). Although there were no differences in the HMG-CoA reductase mRNA and LDL-R mRNA levels among the groups, there was correlation between the SREBP-2 mRNA level and HMG-CoA reductase mRNA level (r ¼ 0:746, P < 0:01), and the LDL-R mRNA level (r ¼ 0:756, P < 0:01). SREBP-2 has been identified as a transcription factor responsible for activation of the HMG-CoA reductase and LDL receptors. 28, 29) It may be possible that SREBP-2 regulated the transcriptional activation of HMG-CoA reductase and LDL-R mRNA in a reported experiment with the administration of white wheat bread powder and white wheat bread powder containing sugar beet fiber. 30) On the other hand, the serum triacylglycerol concentration in the BP and BBP groups was also reduced (À44% and À58%, respectively). The FAS mRNA and SREBP-1c mRNA levels in the BP and BBP groups were significantly (P < 0:05) lower than those in the CN group, and the correlation of the serum triacylglycerol level with the FAS mRNA and SREBP-1c mRNA levels was r ¼ 0:477 (0:05 < P < 0:1) and r ¼ 0:628 (P < 0:05). These results suggest that SREBP-1c positively regulated the expression of FAS and inhibited the synthesis of fatty acids. It is known that the expression of FAS is promoted by the activation of SREBP-1c. 31, 32) Moreover, Aoyama et al. have reported that the plasma triacylglycerol concentration in rats fed with wheat gluten was significantly lower than in those fed with casein.
33) The protein content of about 13-14% in the white wheat bread powder might have lowered the serum triacylglycerol concentration in this experiment.
In conclusion, this study has demonstrated that white wheat bread and white wheat bread containing 10% sugar beet fiber had the ability to modulate lipid metabolism. It was observed, after processing the white wheat bread, that sugar beet fiber retained the ability to lower the total cholesterol and triacylglycerol levels. This indicates that white wheat bread containing 10% sugar beet fiber would be useful for preventing lifestylerelated diseases, and as a supplementary means of dietetic therapy. However, in this study, not only sugar beet fiber but also another component in the white wheat bread was correlated with the cholesterol metabolism. Since white wheat bread was very effective on the lipid metabolism, it was difficult to elucidate the effect of sugar beet fiber, making it necessary to conduct further research.
